Abstract. Time-resolved transient absorption spectroscopy for water solution of cytosine with sub-10fs deep ultraviolet laser pulse is reported. Ultrafast electronic excited state dynamics and coherent molecular vibrational dynamics are simultaneously observed and their relaxation mechanisms are discussed.
Introduction
DNA and RNA exhibit ultrafast excited-state relaxation under deep ultraviolet (DUV) irradiation, which ensures that the molecules relax to the ground state through internal conversion before excited state reactions can occur. This scheme is considered to be crucial for photo-protection against mutagenic and carcinogenic effects in living systems. To understand excited state dynamics of biologically relevant molecules such as DNA bases (adenine, thymine, cytosine, and guanine) in the context of their photo stability, there have been many spectroscopic studies on such molecules by means of time-resolved absorption and fluorescence measurements. However, their excited state dynamics have not been fully understood yet due to the difficulty in generating ultrashort laser pulses in the DUV range.
In this study, sub 10-fs DUV pulse is successfully applied for the transient absorption spectroscopy of water solution of cytosine. DUV pulse with nearly Gaussian temporal and spectral profiles is generated by chirped pulse four-wave mixing technique without external compressor [1, 2] . Transient absorption measurement using this ultrashort pulse allows us to simultaneously observe ultrafast electronic excited state dynamics and molecular vibrational dynamics .
Experimental setup
Sub-10 fs deep DUV pulse was used for pump-probe experiment. A part of the fundamental output from a Ti:Sapphire chirped pulse amplifier was focused on a Kr-gas filled hollow fiber for spectral broadening by the self-phase modulation. A near UV (NUV) pulse is also generated by frequency doubling of the fundamental pulse, which is negatively chirped by using a double-pass prism pair. The broadband near infrared (NIR) and NUV pulses were transmitted through another hollow fiber filled with Ar-gas, where a broadband DUV pulse was generated by the difference-frequency four wave mixing process. For transient absorption measurement and pulse characterization, the DUV pulse was spatially split into two at the edge of an aluminum mirror. One of the two beams was sent to an optical delay line composed of a stepping motor stage and used for probe pulse. The other beam was used for pump pulse. The pump and probe pulse were focus at the sample position by using a concave mirror. Time-resolved difference absorbance at 128 wavelengths in the spectral range from 4.22 to 4.86 eV was measured simultaneously using a multichannel lock-in amplifier coupled to a polychrometer. The aqueous solution of cytosine was continuously circulated in a homemade flow cell by using a peristaltic pump to avoid photodegradation. 
Results and discussion

The DUV laser pulse and stationary absorption
The pulse duration of the DUV laser is measured using self-diffraction frequency-resolved optical gating (SD-FROG) technique. The commercial software, FROG 3.0 from Femtosoft Technologiesis, was employed for the analysis. Figure 1(a) shows the measured SD-FROG trace of DUV laser pulse and the retrieved temporal intensity. The retrieval error is 0.005. The pulse duration is found to be 05017-p. 2 
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8.8 fs in the full-width at half maximum. The inset shows the measured SD-FROG trace. The spectral peak of the DUV pulse is around 4.6 eV, which overlaps the absorption spectrum of cytosine at the edge. Figure 1(b) shows the 2D difference absorption spectrum obtained by averaging two measurements. The experiments were performed at the intensities of the pump and probe pulses of 40 and 5 nJ, respectively. A ∆ is found to be positive when the probe photon energy is below ~4.45 eV, while that is negative above ~4.45 eV. Figure 1(c) show the typical time traces of A ∆ in the high-and low-energy side, respectively. The intense oscillatory structures in the delay time between -100 fs and 100 fs is attributed to electronic coherence induced by the two pulses. It is noteworthly that the observed signal is periodically modulated due to coherent molecular vibration. At the delay time longer than 100 fs, A ∆ in the high-energy side decreases initially and then recovers slowly. The time trace of A ∆ can be fitted by two exponentials with the time constants of ~250 fs and ~4 ps. Such multi-exponential decay dynamics has been observed in the previous transient absorption and fluorescence up conversion measurements [3, 4] , and considered to be attributed to the excited state relaxation from *) (ππ and *) ( π n states, although vibrational population relaxation may also contribute. On the other hand, it is difficult to characterize the electronic excited state in the low-energy side because the signal is strongly modulated due to the molecular vibration even after 100 fs.
Dynamics of the electronic excited state
Vibrational dynamics
We calculated Fourier transform (FT) amplitude spectra of the time trace of A ∆ to examine the origin of the measured molecular vibrational dynamic. Here, we analyzed after 100 fs to exclude the initial contamination of the coherent artifact. Figure 1(d) shows FT amplitude of A ∆ in the high-and low-energy side. Three intense vibrational peaks are observed, and peak positions in the high-energy side agree with that of the Raman frequency (789, 1289, and 1364 cm -1 ) [5] , while that in high-energy side seems to be slightly blue-shifted. Figure 1(e) shows the phase of the observed molecular vibrations of three intense peaks as a function of probe photon energy. It appears that all three phases in the low-energy side are close to π . From this together with the sign of A ∆ suggest that the signal in the low-energy side is mainly attributed to the excited state dynamics; the pump pulse excites cytosine to the electronic excited state, which is detected by the probe pulse predominantly as a transition to a higher excited state. The difference in the electronic configuration between the ground state and excited state may results in the difference in the measured vibrational frequencies.
Conclusion
Using sub-10 fs DUV pulses, the electronic excited state and vibrational dynamics of water solution of cytosine are simultaneously observed. The present study is expected to provide further understanding of relevant biological molecules such as DAN and gives some insight on the ultrafast photochemical dynamics induced by DUV irradiation.
